Abstract. In nuclear reactors, the use of stainless steel (SS) as the cladding material offers some advantages such as good mechanical and corrosion resistance. However, its main advantage is the reduction in the amount of the hydrogen released during loss-of-coolant accident, as observed in the Fukushima Daiichi accident. Hence, research aimed at developing accident tolerant fuels should consider SS as an important alternative to existing materials. However, the available computational tools used to analyze fuel rod performance under irradiation are not capable of assessing the effectiveness of SS as the cladding material. This paper addresses the SS corrosion behavior in a modified fuel performance code in order to evaluate its effect on the global fuel performance. Then, data from the literature concerning to SS corrosion are implemented in the specific code subroutines, and the results obtained are compared to those for Zircaloy-4 (Zy-4) under the same power history. The results show that the effects of corrosion on SS are considerably different from those on Zy-4. The thickness of the oxide layer formed on the SS surface is considerably lower than that formed on Zy-4. As a consequence of this, the global fuel performance of SS under irradiation should be less affected by the corrosion.
Introduction
In early pressurized water reactors (PWRs), iron-based alloys were chosen as the materials for manufacturing fuel rod claddings. Nonetheless, since 1960, these materials have been replaced with zirconium-based alloys (Zy) in commercial reactor cores mainly because of the latter's lower absorption cross section for thermal neutrons, which make them more cost effective. However, under design-basis and beyonddesign-basis scenarios, Zy present an accelerated oxidation reaction with an important hydrogen release, which compromises the safe operation of light water reactors [1] .
One of the advantages of using stainless steel (SS) as the cladding is that it has better corrosion resistance than Zy. Extensive information has been acquired over a long period about the performance of SS as the material for structural reactor components under normal operating conditions; this information has confirmed the higher corrosion resistance of SS. Particularly at high temperatures, the magnitude of the parabolic oxidation rate constants for SS are approximately two to three orders of magnitude lower than that for Zy [2] .
In general, SS suffers from intergranular attacks, which result in the loss of plasticity and strength because of crystal structure deformation caused by a localized attack along the grain. In these alloys, the resistance to intergranular stress corrosion cracking (IGSCC) is improved by reducing the carbon content (maximum of 0.03%), as in the case of steel types 304L and 316L. Stabilization is achieved in the 300 series austenitic steel grades by adding some chemical elements such as titanium, niobium, and tantalum. These balanced additions may prevent the IGSCC precipitation of metallic carbide (M 23 C 6 ) in the region of the grain boundaries and avoid the depletion of chromium [3] .
The SS types used as the cladding material in the first PWR were the austenitic SS types 304, 347, and 348. Except for small isolated failures, the performance of these SS types is considered excellent [4] .
The assessment of fuel rod performance when using SS as the cladding material requires a previous step of modifying regular fuel performance codes in order to introduce the properties and correlations of this material. Accordingly, the code FRAPCON-3.4 was used as the basis to construct the code IPEN-CNEN/SS, which was used to evaluate the fuel rod performance when using 348 SS as the cladding material [5] .
The first version of IPEN-CNEN/SS did not take into account cladding corrosion under irradiation. Then, an updated version was constructed by changing the subrou-tine related to the waterside corrosion cladding in the fuel performance code. The correlations associated to the SS waterside corrosion were obtained by searching the open literature related to 304 SS, with the aim of achieving a conservative assumption [6] .
The aim of this paper is to evaluate the steady-state fuel rod corrosion when using SS as the cladding material and to compare SS with Zircaloy-4 (Zy-4) under the same power history.
Cladding corrosion
Over the last few decades, many studies have been conducted on the chemical process of corrosion of alloys used in nuclear applications. For PWRs, an important research topic is the study of the quantity of oxide buildup on the waterside [7] , specifically in cladding materials. The oxidization process can be described as a function of the cladding temperature, which is approximately 320-350°C, and the fast neutron flux, which ranges from 6 to 9 Â 10 17 n/m 2 s. Furthermore, this process presents chemical correlations with the boric acid concentration in the coolant [8] . The process is very complex because of the severe conditions found in the core of nuclear power plants.
A synthesis and a comparison of the observed corrosion behavior under steady state irradiation for the studied cladding materials are presented in the following sections.
Corrosion of stainless steel (SS)
The chromium content plays an important role to define the composition of the oxide layer formed on the SS cladding [9] .
In SS containing low chromium, the oxidation process is based on the buildup iron oxide film. The oxidation mechanism produces a sequence of layers, starting with a layer with the lowest oxygen content (FeO), followed by an intermediate layer (Fe 3 O 4 ), and finally, a thin more dominant oxygen-rich layer (Fe 2 O 3 ); this mechanism is also found in the oxidation of pure iron. In SS containing high chromium, it is observed that the first layer is formed by chromium oxide (Cr 2 O 3 ) [10] , which has higher thermal conductivity than iron oxides [11] . Then, the excellent corrosion and oxidation resistances of SS from 300 series can be attributed to the initial layer of Cr 2 O 3 (approximately 1-3 nm thick), which is formed at the cladding surface and prevents further surface corrosion. In addition, the varying amount of chromium in SS produces variations in the corrosion kinetics [12] .
Corrosion of zirconium-based alloys (Zy)
The oxidation behavior of zirconium-based alloys (Zy) by water in a PWR during normal operation is an electrochemically driven process that occurs in two phases, accompanied by hydrogen absorption. Initially, a thin protective black oxide film containing mostly tetragonal zirconium oxide (an allotropic form that is stable at high pressure and temperature), ZrO 2 , is formed [13] . Later, the tetragonal phase becomes unstable, and the oxide changes to a monoclinic form. At this stage, the corrosion layer shows some porosity, consequently, only a portion of the oxide layer remains protective, and the corrosion is controlled by diffusion through the dense protective layer only [14] .
Comparison of different oxides behavior
Zirconia (ZrO 2 ) undergoes a transition from the stable phase at room temperature, changing from a monoclinic to a tetragonal crystal structure at high pressure and temperature [15] . On the other hand, iron oxides do not undergo such transformation [16] .
It has been observed that at temperatures below 500°C, thin oxide films on SS cause very large changes in emittance, which varies by a factor of around 5 (0.15 to 0.85) [16] . Table 1 summarizes some properties of different oxides at room temperature.
The thermal conductivity of the oxides formed in SS differs from that of the oxides formed in Zy [6] , as shown in Figure 1 . The steel oxides conductivity decreases with increasing temperature differently from the behavior of Zy.
Methodology 2.1 IPEN-CNEN/SScode
The basis for new fuel codes was the FRAPCON-3.4 code [17] , which is sponsored by the United States Nuclear Regulatory Commission, for the licensing of PWR and boiling water reactors (BWR) nuclear power plants.
In the first version of the modified code, IPEN-CNEN/ SS, a new set of correlations was implemented for 348 SS in relation to thermal expansion, heat conductivity, elasticity modulus, Poisson's ratio, irradiation creep, and swelling to check the performance of a SS fuel rod [5] . The second version, named IPEN-CNEN/SS2, was developed by modifying the IPEN-CNEN/SS subroutine related to the cladding waterside corrosion at low temperature. This new version provided an expression for the thickness of the oxide layer on the waterside surface during typical reactor operation at temperatures from 250 to 400°C. The input parameters for this version were the outer surface temperature, initial oxide film thickness, and time interval [16] . Irradiation effect was not taken into account for the SS in the modified version of the fuel performance code. The adapted code focused on the material property libraries related to 304 SS [6] . The modified subroutine included the parameters thermal conductivity and weight gain. The properties included in the code were the melting point, specific heat capacity, enthalpy, thermal conductivity, dimensional expansion, and density. The subroutine related to oxide emissivity was changed in the first version of the modified code (IPEN-CNEN/SS) by considering the value obtained from the literature for 348 SS.
PWR general data
The steady-state irradiation performance of a 348 SS fuel rod was simulated using IPEN-CNEN/SS2. The results were compared with those obtained for a Zy-4 fuel rod calculated using FRAPCON-3.4 under the same power history. The primary objective was to verify the differences in cladding corrosion because the general behavior under irradiation was previously studied [5] .
The data used to prepare the input data were those of a conventional PWR fuel rod that employed Zy-4 as the cladding material. The same design was used in the simulations using FRAPCON-3.4 and IPEN-CNEN/SS2 to facilitate comparison of the obtained results. However, it is important to take into account that small changes in the design parameters such as the cladding thickness and rod pitch should be implemented to optimize the performance of the SS fuel rod. Table 2 lists the reactor  conditions and thermal hydraulics parameters, and  Table 3 lists the fuel rod data for the startup file used to perform the simulations. A cosine axial power distribution was applied in the simulations. The fuel rod average linear heat rating used in the simulation and the achieved burnup for the hottest node are shown in Figure 2 .
Results and discussion
The simulations were performed by applying the same power history under steady-state irradiation. Tables 4  and 5 present the synthesis data obtained for the fuel rods using Zy-4 and SS as the cladding material, respectively.
The results show that at higher powers, the fuel centerline temperatures in the fuel rod manufactured using SS are slightly higher than those in the fuel rod manufactured using Zy-4. This is because of higher thermal expansion in SS than in Zy-4. Despite the higher fuel temperatures in SS, the average cladding temperatures in the SS fuel rod are slightly lower than those in the Zy-4 rod because of the higher SS thermal conductivity [18] .
The oxide layer thicknesses listed in Tables 4 and 5 for both the considered materials confirm that, under the studied simulation conditions, the oxidation in the Zy-4 fuel rod is much higher than in the SS fuel rod, even considering the properties of 304 SS, which is the SS from 300 series more susceptible to undergo oxidation.
The tendencies of evolution for the oxide layer thicknesses as a function of burnup for both the studied materials is shown in Figure 3 . Even for the maximum 
Conclusion
The results obtained in this study confirmed that for burnup values of up to approximately 55 MW d/kg U, SS oxidation under steady-state irradiation in a PWR could be considered negligible, even for 304 SS that is the 300 series SS more susceptible to oxidation. The results obtained show a very low oxide layer thickness comparing to experimental data obtained under PWR conditions [9] but are in agreement with the results observed in the first PWR which operated using SS 304 as cladding material [4] . This study must be extended to evaluate the SS behavior under loss-of-coolant accident and reactivity-initiated accident.
The results of researches developed in different areas of science promoted significant advances to produce high strength and oxidation-resistant steels. Furthermore, the manufacturing and characterization processes used to obtain SS have experienced considerable improvement in the last years. Hence, these advanced steels could be treated as alternatives to replace the conventional 300 series steels for use as the cladding material in PWRs. However, it is still necessary to evaluate the mechanical behavior and degradation processes of these advanced materials under irradiation in a PWR environment and to check their performance under design-basis and beyonddesign-basis scenarios.
